I. INTRODUCTION
Polymeric nanoparticles provide a broad range of applications in the biomedical field as they generally provide a synthetic platform offering high capacity for chemical modifications as well as control over their relative sizes. 1 Based on their ease of synthesis and the opportunities to impart multiple functionalities toward biological targets of interest, polymeric nanoparticles have emerged as versatile tools for cellular imaging 2,3 as well as for delivery applications. 4, 5 However, to further increase their acceptance for biomedical usage, the design and synthesis of new materials providing control over very small particle sizes that reveal high tissue penetration, while maintaining biocompatibility and high colloidal stability, are highly favorable. Furthermore, synthesis procedures based on "green" preparation methods without reactive, potentially toxic reagents and organic solvents are essential to eliminate possible carrier-based toxicity. It is therefore intuitive to combine a mild polymerization technique with monomers, either derived from Nature or with proven biocompatibility, to fabricate a category of materials that encompasses the above-mentioned properties.
The incorporation of biopolymers such as polypeptides, DNA, or carbohydrates into the synthesis of polymeric nanocarriers have seen a rapid development, especially as cancer therapeutics. 6, 7 Unlike the aforementioned biomacromolecules, natural monomers such as dopamine and melanins that are capable of initiating polymerization processes have received increasing attention only since the past decade. 8 As the polymerization of dopamine into polydopamine (PDA) occurs in very mild aqueous conditions, its potential in nanomedicine was explored intensely as drug delivery, 9 photothermal, 10 cell-growth stimulating, 11 or diagnostic agents 12 due to its biocompatibility and capacity to introduce various functionalities. While the reactivity and the associated chemical groups available on PDA found general consensus among the scientific community, the control of PDA sizes and its notorious aggregation propensity remains highly challenging. Limited attempts have been made by optimizing polymerization conditions using different pH and/or additives with final PDA nanoparticles above 100 nm. [13] [14] [15] [16] [17] [18] [19] [20] These large PDA nanoparticles facilitated the loading of various aromatic anti-cancer drugs 21 and attractive photothermal properties but are inherently limited by biodistribution mechanisms in the body. On the other hand, PDA nanoparticles with a size of less than 50 nm have been prepared following a process similar to the silicalike reverse microemulsion 22 from cyclohexane water mixtures or with proteins as template. [23] [24] [25] Due to the sticky surface of PDA nanoparticles providing many reactive catechol and quinone groups, a second surface functionalization step is usually required to stabilize the particles and to render them inert in complex media. In this way, core-shell nanoparticles with PDA in the core and a poly(ethylene glycol) (PEG) shell have been fabricated. 26 In recent years, more complex structures have been achieved, e.g., poly(lactic-co-glycolic acid) core coated with PDA and functionalized with PEG. 27 Besides the core-shell nanoparticles, also PEG nanoparticles 28, 29 have been reported by functionalization of the PEG chains with acetyl, acryl, or fluorene groups. In addition, stable core-crosslinked micellar structures using dopamine as a crosslinker were investigated. 30, 31 For core-crosslinked micelles, it is reported that small amounts (5% or less) of dopamine are sufficient to stabilize the micelles. 30 Despite these synthetic achievements, the reported methodologies typically involve a) Electronic addresses: wunderlich@mpip-mainz.mpg.de and weil@mpipmainz.mpg.de multistep synthesis with high structural complexity where one or more conditions are not biocompatible.
Herein, very small and narrowly dispersed PDA-PEG nanoparticles with dimensions of about 40 nm were prepared in a single reaction step in aqueous solution without the necessity to add surfactants or organic solvents. The reaction proceeds smoothly providing colloidally stable, crosslinked copolymer nanoparticles. PEG reduces sedimentation and contributes to improved nanoparticle stability 32 in aqueous solution, whereas PDA serves as crosslinker also offering the required functionalities for crosslinking and postfunctionalization. To demonstrate the availability of functionalities, the PDA-PEG nanoparticles were functionalized covalently with a dye, which also enabled studying cellular uptake. High cellular uptake via energy dependent endocytosis processes and low cellular toxicity were observed revealing promising features for cellular imaging and drug delivery applications.
II. EXPERIMENT
A. Materials α,ω-Bis-amino PEG polymers of MW 2000, 3000, 6000, and 10 000 (Rapp Polymere), α-Methoxy-ω-amino PEG of MW 2000 (Rapp Polymere) and amine-terminated poly(Nisopropylacrylamide) (Sigma-Aldrich) have been used as polymers. In addition, the following reagents have been used: dopamine hydrochloride (Alfa Aesar), sodium phosphate monohydrate 98% (Roth), dihydroxybenzene (Sigma-Aldrich), Dihydroxybenzylamine hydrobromide (Sigma-Aldrich), dihydroxy-L-phenylalanine (Sigma-Aldrich), Tris (hydroxymethyl)aminomethane (TRIS) (ICN Biomedicals), ninhydrin (Alfa Aesar), doxorubicin hydrochloride (≥99.0%, XingCheng ChemPhar Co. Ltd., Taizhou, China), acetic anhydride (VWR), succinic anhydride (Sigma-Aldrich), ethyl acetate (VWR), Horseradish Peroxidase Type II (Sigma-Aldrich), human serum albumin (Sigma-Aldrich), fluorescein isothiocyanate (Sigma-Aldrich), rhodamine isothiocyanate (Sigma-Aldrich), Dulbecco's Modified Eagle's Medium (DMEM) cell culture media (Life Technologies), fetal bovine serum (FBS) (Gibco ® ), penicillin/streptomycin solution (100×) was purchased from PAA Laboratories GmbH (Cölbe, Germany), Eagle's minimum essential medium [nonessential amino acids solution (100×)] 10 mM Trypsin ethylenediamine tetra-acetic acid (1×) 0.05%/0.02% in DPBS (A&E Scientific), Dulbecco's Phosphate Buffered Saline (PBS) (Sigma-Aldrich), CellTiter-Glo ® Luminescent Cell Viability Assay (Promega), Sephadex G75, and G100 (Sigma-Aldrich).
B. Preparation of the nanoparticles: PDA-PEG crosslinked copolymer nanoparticles
A PEG stock solution was prepared by dissolving PEG in 5 ml phosphate buffer (100 mM, pH 8.5) to give a 25 mM solution. The solution pH was adjusted to 8.5 with 1M HCl and 1M NaOH. Sufficient amounts of MilliQ water were added to give a final concentration of 23.4 mM, and this stock solution was stored at 4°C. For the polymerization reaction, 225-900 μl of the PEG stock solution was added to the glass vial, and then phosphate buffer (100 mM, pH 8.5) was added to receive a final volume of 950 μl. Dopamine hydrochloride (10 mg, 52.7 μmol) was dissolved in 250 μl MilliQ water. 50 μl of the dopamine solution was added to the glass vial. The reaction mixture was mildly stirred overnight at room temperature, and the formed nanoparticles were purified by passing the solution through a Sephadex G-75 gel filtration column with MilliQ water and the first dark black-brown band was collected. This standard procedure was used for all further studies unless otherwise noted.
For the preparation of fluorescently labeled nanoparticles, fluorescein isothiocyanate (FITC) or rhodamine isothiocyanate (RITC) was dissolved in dimethyl sulfoxide at a final concentration of 1 mg/ml. The PDA-PEG crosslinked copolymer nanoparticles were suspended in phosphate buffer, 
Dynamic light scattering
The PDA-PEG nanoparticles were diluted to a concentration of 100 μg/ml in MilliQ water and filtered through a 220 nm filter (Millipore, HA). Photon correlation spectroscopy was performed on an ALV5000 setup using a coherent solid state cw laser at λ = 532 nm with a power of 194 mW. The intensity autocorrelation function G(q,t) was recorded at different scattering wave vectors, q = (4πn/λ)sin(θ/2) with n being the solvent refractive index was varied by changing the scattering angle θ between 15°and 150°, for water at 293 K, n = 1.333. The desired relaxation function, C(q,t) = [G(q,t) − 1] 1/2 analyzed by an inverse Laplace transformation
(CONTIN algorithm) yielding the distribution L ln(τ) of relaxation times, τ. The most probable relaxation time for the contributing processes is obtained from the peak positions of L ln(τ) and the corresponding intensity I i (q) = a i (q)I(q) of the i-th process is computed from the total light scattering intensity I(q) and the amplitude
over the i-th peak in L ln(τ).
Cryo-TEM
Frozen vitrified samples were prepared by applying an aqueous solution of PDA-PEG nanoparticles on a lacey carbon TEM grid. Subsequently, excess solution was blotted off by a filter paper and the TEM grid was plunged in liquid ethane immediately (FEI Vitrobot). Cryo-TEM measurements were performed on a FEI Tecnai F20 at an acceleration voltage or 200 kV. Micrographs were taken with a CCD Camera (Gatan US1000) using low dose conditions in order to minimize beam damage.
Thermogravimetric analysis
Thermogravimetric analysis (TGA) was performed using a TGA/DSC 3+/HT/1600/274 (Mettler Toledo) under nitrogen applying a heating rate of 10 K/min.
Zeta potential
The zeta potential of the PDA-PEG nanoparticles was evaluated with Zetasizer Nano-Z, Nano Series, Malvern. The PDA-PEG nanoparticles were diluted with an aqueous 10 −3 M KCl solution. These measurements were performed in triplicates. 6 . Ninhydrin assay 0.8 g of ninhydrin was dissolved in absolute ethanol. PDA-PEG nanoparticles were diluted in 200 mM acetate buffer, pH 5.5 to a concentration of 2 mg/ml. 80 μl of PDA-PEG nanoparticle solution was added to an empty well of a 384-well transparent cell culture plate. 20 μl of ninhydrin solution was added and the solution pipetted up and down to mix. The absorbance at 570 nm was measured and recorded as a reference. The culture plate was placed in an incubator at 60°C for 45 min with shaking. The absorbance at 570 nm was read and recorded as a reference. The same procedure was repeated with various concentrations of glycine to obtain a standard curve. This was used to determine the number of amines present on the PDA-PEG nanoparticles.
Time-of-flight secondary ion mass spectrometry
A dried-droplet deposition of the PDA-PEG nanoparticles prepared on Al-foil was analyzed by 30 keV Bi 3 primary ions (TOF.SIMS NCS, IONTOF, Münster, Germany) to elucidate the surface chemistry of the particles. Surface spectra were acquired at a mass range of 1-2000 Da by applying a primary ion dose of 1.25 × 10 8 ions on 200 × 200 μm 2 well below the static limit. Dual beam depth profiles were acquired using additionally 2.5 keV Ar 1000 cluster ions for sample erosion on a field of view of 400 × 400 μm 2 with a dose of 6.5 × 10 11 ions. D. In vitro characterization
Cell culture
The human alveolar basal epithelial carcinoma cell line A549 was obtained from DSMZ (German Collection of Microorganisms and Cell Cultures, Braunschweig). Cells were cultured in high-glucose DMEM supplemented with 10% FBS, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 0.1 mM nonessential amino acids at 37°C in a humidified 5% CO 2 incubator.
Stability of PDA-PEG nanoparticles in the cell medium
The stability of PDA-PEG nanoparticles in the cell medium was investigated by dynamic light scattering (DLS). 0.1 ml of 1 wt. % of PDA-PEG nanoparticles in water was mixed with 0.25 ml of cell medium. The particle sizes at 0 h at 37°C and 12 h of incubation at 37°C were recorded to evaluate their stability.
Cell viability/cytotoxicity
A549 cells were plated onto a white 96-well plate at a density of 6500 cells/well and incubated overnight for attachment. The medium was removed and replaced with various concentrations of PDA-PEG nanoparticles suspended in cell media and incubated for another 4 or 24 h. Cells incubated with only fresh media were used as blank control. After the incubation period, the CellTiter Glo cell viability assay kit was used to quantify the viability of the cell culture in each well, according to the manufacturer's manual. 4 . Cellular uptake A549 cells were plated onto a white 96-well plate at a density of 6500 cells/well and incubated overnight for attachment. The medium was removed and replaced with varying concentrations of fluorescently labeled PDA-PEG nanoparticles suspended in media that were then incubated for another 4 or 24 h. Cells incubated with only fresh media were used as blank control. After the incubation period, the PDA-PEG nanoparticle solution was removed and each well was washed three times with PBS solution. Then, 50 μl of lysis buffer was added to each well and incubation proceeded overnight at 4°C. The fluorescence of the cells was measured on a Tecan M1000 plate reader.
Confocal laser scanning microscopy
A549 cells were plated in an ibidi ® 8-well ibiTreat, μ-slide at a density of 30 000 cells per well in 300 μl cell medium. The cells were incubated overnight at 37°C in 5% CO 2 to allow adhesion. The next day, 100 or 500 μg/ml of fluorescently labeled PDA-PEG nanoparticles suspended in media was added to the wells, respectively, and incubated for 4 or 24 h. Before imaging, cells were washed three times with PBS buffer and 300 μl of fresh media. Imaging was then performed using an LSM 710 laser scanning confocal microscope system (Zeiss, Germany) coupled to an XL-LSM 710 S incubator and equipped with a 63× oil immersion objective. The emission of rhodamine-labeled nanoparticles was recorded using a 488 nm Argon laser for excitation and a 531-648 nm filter, whereas for fluorescein-labeled nanoparticles, a 515-565 nm filter was used. All acquired images were processed with ZEN software developed by Carl Zeiss.
To study the cellular uptake mechanism of PDA-PEG nanoparticles, A549 cells were plated onto a Greiner Bio-One™ CELLview™ Cell Culture Slides 10-well plate at a density of 75 000 cells/ml in 100 μl cell medium. The cells were incubated overnight for attachment at 37°C in 5% CO 2 . The next day, the medium was removed and replaced by 100 μg/ml of fluorescently labeled PDA-PEG nanoparticles suspended in cell medium. The cells were incubated at 4°C without additional CO 2 or 37°C in 5% CO 2 for 2 h. Before adding the PDA-PEG nanoparticles, the cells were preincubated at 4°C for 0.5 h. For imaging, the cells were washed one time with DPBS and 100 μ/ml of fresh media was added. Imaging was then performed using a Leica TCS SP5 scanning confocal microscope system coupled to a 63× water immersion objective. The emission of rhodaminelabeled nanoparticles was recorded using a 515 nm Argon laser for excitation and 560-660 nm filter for emission.
III. RESULTS AND DISCUSSION
A. Synthesis of ultrasmall PDA-PEG crosslinked nanoparticles Dopamine polymerizes to PDA via a number of reactive intermediates such as dopamine quinone, leukodopaminechrome, dopaminechrome, or 5,6 dihydroxindole ( Fig. 1) . 33, 34 It is known that some of these intermediates as well as the oligomeric and polymeric PDA species containing quinone or unsaturated indole rings can react with various aminecontaining molecules via Michael addition reactions and Schiff base formation reactions. 35 In order to install PDA and its intermediates as biocompatible crosslinkers, different amine-terminated PEG polymers of varying chain lengths and amine end groups were screened and nanoparticle formation was analyzed [see Tables I and SI1 (Ref. 42) ]. For biological applications, it is essential to fully avoid organic solvents during particle formation, synthesis, and workup. Therefore, only water-soluble polymers with proven biocompatibility have been selected. Dopamine and the respective amine-terminated PEG derivatives of Tables I and SI1 (Ref. 42) were mixed in phosphate buffer. One mole equivalent of the amine-containing derivatives was added to dopamine HCl (2 mg/ml) in phosphate buffer at pH 8.5, and the mixture was incubated overnight. The formed nanoparticles were analyzed by employing DLS (Zetasizer) at one wave vector q = 0.0314 nm −1 (scattering angle θ = 173°), and the respective results are listed in Tables I and SII (Ref. 42 ).
Only PEG derivatives with two terminal amino groups and molecular weights above 2000 g/mol were able to form very small and narrowly distributed nanoparticles. The combination of low molecular weight PEG (MW 220) or longer PEG chains with only one terminal amine group was not sufficient to stabilize small particle sizes, and instead larger particles or particle aggregates and high standard deviations indicating polydisperse samples were observed.
In order to contribute to an improved understanding of the molecular structure of PDA in the formed nanoparticles, the catechol monomer was varied as well and apart from dopamine, 1,2-dihydroxybenzene (catechol), dihydroxybenzylamine (DHBA), and L-3,4-dihydroxyphenylalanine (L-DOPA) [ Fig. SI2 (Ref. 42) , Table I ] were studied. The amino acid L-DOPA is a natural bioprecursor of several neurotransmitters and melanin, and its molecular structure is similar to dopamine so that it undergoes intramolecular cyclization and forms 3D networks. When the catechol derivatives were mixed with bis-amino terminated PEG3000(NH 2 ) 2 , stable nanoparticles were only formed with L-DOPA and dopamine indicating that internal cyclization and polymerization of the catechol derivative is necessary for nanoparticle formation (Table I) . From these results, we developed a schematic of PDA-PEG nanoparticle formation, which is depicted in Fig. 1 . Based on the dimensions of the formed nanoparticles and the obtained standard deviations, PDA nanoparticles prepared from α,ω-bis amine PEG3000(NH 2 ) 2 were selected for all further analyses [ Table I , entry 4: PDA-PEG3000(NH 2 ) 2 ] as they were very narrowly dispersed and prepared from inexpensive, nonchiral dopamine starting material. The formed PDA-PEG nanoparticles were purified by passing the solution though a Sephadex G-75 gel filtration column with MilliQ water, and the first dark black-brown band was collected. The synthesis has been successfully upscaled to a batch size of 1 g, and the PDA-PEG nanoparticles were stable for several weeks at RT.
B. Characterization of PDA-PEG crosslinked copolymer nanoparticles
In order to obtain more insights into the chemical structure of the obtained PDA-PEG nanoparticles, a number of characterization methods have been applied. The 1 H NMR spectra of the precursors and the nanoparticles were analyzed, and the copolymer nanoparticles show all main signals corresponding to PDA and PEG [Figs. 2 and SI3 (Ref. 42) ]. A clear shift of the PEG C-1 protons from 2.79 to 3.13 ppm (Fig. 2) was observed indicating the nucleophilic addition of the proximal amine group to the aromatic dopamine system (1,4 Michael addition or Schiff base reaction), which confirms the successful copolymerization of the dopamine/PEG monomers (Fig. 1) . The FT-IR spectrum of the PDA-PEG nanoparticles reveals the signals of PEG and some signals of PDA. Compared with the spectrum of PEG3000(NH 2 ) 2 (Fig. 2) , a broad absorbance peak at 1615 cm −1 occurred for the PDA-PEG nanoparticles, which was assigned to the stretching vibration of the aromatic ring. In addition, the broad signal at 3420 cm −1 was attributed to the catechol -OH groups of dopamine/PDA indicating that dopamine/PDA was incorporated. As the monomer dopamine hydrochloride also contains OH groups, the FT-IR spectrum of dopamine hydrochloride was compared to the FT-IR spectrum of PDA and PDA-PEG The UV-vis spectra of the nanoparticle solutions, which appeared dark colored, showed the characteristic broadband absorbance of PDA. The TGA thermograms of PDA-PEG also supported copolymer formation as depicted in Fig. 2 . A clear difference compared to pure PEG3000(NH 2 ) 2 was observed as the TGA thermogram for pure PDA showed a continuous weight loss of only 48% whereas sharp weight losses of 96% and 72% for the PEG and PDA-PEG nanoparticles, respectively, were observed at 400°C indicating that PEG in the PDA-PEG nanoparticles decreases the thermal stability of PDA. Interestingly, the compositional analysis of the PDA-PEG nanoparticles revealed approximately 60% of PEG and 40% of PDA (Fig. 2) , which corresponds to approximately 13 dopamine molecules per 1 PEG chain.
Very high scattering vectors with q (q = 0.0314 nm −1 ) were determined for all samples by DLS with the Zetasizer corresponding to the presence of only one particle population. However, due to the very high scattering vectors, slow populations corresponding to minor contributions of particles' aggregates might be missed. Therefore, PDA-PEG was also analyzed in more sophisticated DLS experiments to uncover the dynamics and form factor over a broad q-range (note that q −1 's represent the probing length scales). Figure 3 (a) displays representative relaxation functions, C(q,t), and the corresponding exponential fits at two wave vectors, q = 0.0157 nm −1 (scattering angle θ = 60°) and 0.0296 nm −1 (θ = 140°).
The inverse Laplace transformation analysis of the correlation function, C(q,t), now reveals the presence of two species as indicated by the bimodal shape of distribution function, Lln(τ) [black and red lines in the main plot in Fig. 3(a) ]. The variation of D i (upper inset) and the component intensities I i (q) (lower inset) are shown in the insets of Fig. 3(a) . The analysis of the DLS plots of PDA-PEG nanoparticles in aqueous solution at different angles now revealed one major population of very small nanoparticles with a hydrodynamic radius R h,f of 21 ± 2 nm and about 2.5% of a second, minor population with a hydrodynamic radius R h,s of 186 nm [ Fig. 3(a) ]. Further details are described in the supporting information. 42 Cryo-TEM images of the nanoparticles support this conclusion with a mean radius of 18 ± 5 nm and some larger particles [ Figs. 3(b) and SI5 (Ref. 42) ].
To receive further information about the stability of the PDA-PEG nanoparticles, the zeta potential was measured at pH 7. The PDA-PEG nanoparticles have a negative zeta potential (ζ = −7.4 ± 12.3 mV), which is similar to, e.g., PEG-PLGA nanoparticles. 37 The PDA-PEG nanoparticles were further analyzed to determine if the available amines originated from the PDA from uncrosslinked PEG chains. The number of primary amine groups was quantified in a ninhydrin assay, where ninhydrin reacts with primary amines forming a purple dye with maximum absorbance at 570 nm. Using glycine, a standard curve was made and compared to the values obtained for PDA-PEG nanoparticles. About 76 nmol amines/mg of PDA-PEG nanoparticles were determined, which is a very small amount (( 1%) considering that 3 mmol reactive amino groups (assuming that no amine groups had reacted) are present in 1 mg PEG-PDA nanoparticle [see supporting information (Ref. 42) for the calculations]. These results suggest that most of the amino groups of PEG have reacted and formed interconnecting loop crosslinked structures. The amino groups of PDA either remained inside of the nanoparticle and were nonaccessible for further reactions or they have formed five membered rings.
Based on these results, the supramolecular structures of the PDA-PEG nanoparticles consist of either (a) a dense PDA core and a PEG shell (PEG chains on the surface of the nanoparticles with extended chains or loops due to the usage of bis-amine PEG) or (b) the PEG chains could aggregate into spherical nanoparticles that are crosslinked by several smaller oligomeric or polymeric PDA nanostructures (brown) distributed within the PEG nanoparticle volume (Fig. 4) . Previously, PEG nanoparticles have been obtained after acetylation or acrylation of one end of the PEG chain, 28 whereas oligocarbonatefluorene termini at both ends of the PEG chain formed self-assembled starlike micelles where the fluorene groups localized both inside the PEG micelle and in the shell (example in Fig. 4 ). 29 Based on the obtained data, the internal structure of the PDA-PEG nanoparticles (diameter: 42 nm) cannot be entirely ruled out. However, considering that the nanoparticles consist of PDA-PEG with around 60 wt. % PEG and around 40 wt. % PDA, indicating about 13 dopamine molecules per 1 PEG chain, we can assume that the aromatic rings in PDA cluster into highly crosslinked oligomers that form hydrophobic domains within the PDA-PEG volume that are protected from water by the PEG shell. Time-of-flight secondary ion mass spectrometry (TOF-SIMS) surface analyses of the PDA-PEG nanoparticles confirm this assumption. The presence of secondary ion signals from both, PEG and PDA, on the topmost surface of the deposited PDA-PEG particles have been detected suggesting that both components are present at the surface of the particle as depicted in Fig. 4 [compare Table SI2 (Ref. 42) ]. Furthermore, depth profiling analyses with Ar cluster sputtering show similar traces for both components indicating a constant ratio of PEG and PDA throughout the sputter erosion process as expected from Fig. 4 [Fig. SI6 (Ref. 42) ]. Furthermore, it has been reported previously that in PDA films, dopamine oligomers first form nanoaggregates, which assemble into random aggregates on the micrometer scale. 38 Thus, it is likely that several PDA nanoaggregates are formed that crosslinked the more hydrophilic PEG chains producing a PEG network with inner PDA oligomeric or polymeric aggregates that are prevented from aggregation (Fig. 4 ). 39 
C. Functionalization of the PDA-PEG nanoparticles
Postmodification of the nanoparticles is necessary to impart higher functional diversity, i.e., to attach guest molecules or to control transport into cells. Importantly, the structure of the nanoparticles should not be adversely altered after modification. According to the proposed PDA-PEG growth mechanism, free primary amino groups should be present in the nanoparticles, which is essential for further functionalizations. FITC or RITC, amine reactive fluorescent dyes, was mixed with the PDA-PEG nanoparticles in phosphate buffer, pH 8.5, and left to react overnight. During purification by size exclusion chromatography, two fluorescent bands were detected. The band corresponding to the faster moving species was assigned to the successfully dye-labeled PDA-PEG nanoparticles, whereas the slower moving species was assigned to the free dye. In this way, the dye-labeled PDA-PEG nanoparticles could be purified and the free dye was removed [ Fig. SI4 (Ref. 42) ].
D. Cytotoxicity and cell uptake of PDA-PEG crosslinked copolymer nanoparticles
Due to the small sizes, the opportunities to impart functionalities, and the application of nontoxic monomers such as PEG and dopamine as well as no detergents and organic solvents, the PDA-PEG nanoparticles provide many attractive features as biomaterial and nanocarrier system. First, DLS studies were performed to prove that the PDA-PEG nanoparticles remained stable in cell medium [ Fig. SI7  (Ref. 42) ]. Then, PDA-PEG nanoparticles labeled with isothiocyanate fluorescent dyes (FITC or RITC) were added to the cultured A549 lung carcinoma epithelial cells and cellular uptake and cytotoxicity were investigated.
Confocal laser scanning microscopy revealed an efficient and homogenous uptake at 100 μg/ml. Moreover, the internalization process was surprisingly rapid (4 h) given the high PEG content in the nanoparticles. In contrast, PEGylated species such as PEGylated dyes, nanoparticles, or micelles and PEG functionalized dyes ( perylenedicarboxmonoimide, benzoylterrylen-3,4-dicarboximide 40 functionalized with one PEG chain or dendritic polyglycerol perylene imido dialkylester) 41 are known to penetrate mainly into the outer cell membrane (as demonstrated by membrane labeling experiments) and they did not reveal significant cellular uptake as demonstrated for PDA-PEG. To shed further light on the cellular uptake mechanism of PDA-PEG nanoparticles, cellular uptake experiments were performed at 4°C to minimize the contribution of active cellular processes. The results were 
IV. SUMMARY AND CONCLUSIONS
In summary, PDA-PEG nanoparticles of less than 50 nm in diameter have been prepared in a simple one-step reaction soley in aqueous solution, which has been a challenge in the past. The polymerization of dopamine and PEG(NH 2 ) 2 proceeds rapidly in aqueous solution ( phosphate buffer) at room temperature, which is efficient, scalable, and convenient. The particles had defined sizes in the range of 40 nm, and no sedimentation was detected most likely due to the formation of an outer protecting PEG shell. The exact inner structure of the nanoparticles cannot be ruled out entirely and the formation of a dense PDA core or several PDA nanoaggregates are likely. The PDA-PEG nanoparticles provide high water solubility and high colloidal stability in buffer, and the availability of accessible free amino groups has been clearly demonstrated. PDA-PEG crosslinked copolymer nanoparticles reveal improved colloidal and biological stabilities compared to PDA nanoparticles, which makes them very attractive for biomedical applications. High cell viability suggests that the PDA-PEG nanoparticles could be biocompatible and more importantly, their cellular uptake and internalization process proceeded rapidly opening various opportunities for drug delivery and cellular bioimaging. This novel route for facile and convenient PDA-PEG copolymer fabrication solely in aqueous solution provides great potential for future biomedical applications. Further studies to clarify the internal structure and the exact mechanism of PDA-PEG nanoparticles are currently ongoing.
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